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Purpose

The treatment of liver metastases with local procedures is a fast progressing field. For the
most, long-term survival data is missing raising questions with regard to the efficacy of such
modalities when compared to surgical resection. Radiosurgery using the CyberKnife device
enables the treatment of liver lesions with a single-session approach. Here we present long-
term survival data to explore the curative potential of this strategy.

Materials and Methods

Patients with oligo-metastatic disease limited to the liver have been treated with single-ses-
sion or hypo-fractioned radiosurgery in curative intent and prospectively followed until death.
Follow-up (FU) was performed using magnetic resonance imaging (MRI) 2 months after
radiation and at 3-month intervals for the first 2 years. After that annual computed tomog-
raphy or MRI scans were performed until 5 years post-treatment. Local recurrence in the
radiated volume and recurrence outside the treated volume were used to define local and
distant progression. Survival times were censored at the time of the last FU.

Results

One hundred twenty-six patients treated between 2005 and 2015 with 194 lesions were
included into this study. Median FU was 30.0 months. According to Response Evaluation
Criteria in Solid Tumors, 55.2% had a complete remission and 11.3% a partial remission.
Seventy-two point two percent recurred outside the radiated lesion and median overall sur-
vival was 35.2 months with a 3-year survival rate of 47.7%.

Conclusion

This is currently the largest cohort of stereotactic body radiation therapy treated liver lesions
with a median long-term follow of 30 months. Robotic radiosurgery using a single session
approach has a high efficacy to control the radiated lesion with the potential to cure
patients.
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Introduction

ical Oncology guidelines for metastatic colorectal cancer
(mCRC) focus on this special group of patients and recom-
mend surgery as the “gold standard” whenever possible [2].

Patients with metastatic disease dominant or limited to the
liver benefit from aggressive local treatment in terms of over-
all survival (OS) times. This has been demonstrated particu-
larly for colorectal liver metastases (CRLM) where the secon-
dary resection of liver metastases has shown to prolong sur-
vival significantly [1]. The actual European Society of Med-
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For numerous reasons not all patients with a technical
resectable metastases to the liver qualify for surgery. Main
reasons are age and comorbidities but also extensive pre-
treatment to the liver by chemotherapy or previous surgery
to the liver. For those patients the current guidelines define
local treatment options such as thermal ablation therapies
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(microwave [MW] ablation, radio-frequency ablation [RFA],
or laser-induced thermotherapy), stereotactic body radiation
(SBRT), or selective internal radiation as the “toolbox” that
should be utilized according to the experience of the respec-
tive treatment center [2]. The efficacy of those local treatment
modalities is seen as comparable to each other even so no for-
mal comparisons in clinical trials have been carried out so
far. As recurrence rates after surgery of liver metastases are
between 50% and 75% within the first 2 years after surgery
[3-5], surgery in curative intent is not perfect when it comes
to disease control and is biased by patient selection. Retro-
spective analyses on RFA versus surgery suggest a superior
outcome of surgery [3] in CRLM [6]. For hepatocellular car-
cinomas retrospective analyses showed a better outcome
with respect to disease-free survival but comparable results
for OS when RFA was compared to surgery [7]. For thermal
ablation modalities the size of the treated lesion has been
shown to be of critical value with respect to survival and
recurrence [8] favoring tumors with a diameter of less than
3 cm. The advantage of external body radiation is mainly
seen in the absence of an invasive procedure promising less
morbidity with comparable efficacy to other local treatments.
Moreover, systemic treatment may not be interrupted during
SBRT. The feasibility of SBRT has been shown by the land-
mark paper of Rusthoven et al. [9] where 63 lesions have
been treated with SBRT with a 2-year local control rate of
100% and a median OS of 20.5 months. Technical difficulties
that have to be overcome prior to radiate a moving organ
such as the liver are to track the lesion during radiation and
to re-focus the radiation beam to the target lesion. This is piv-
otal to maximize efficacy and to minimize adverse events.
There are different techniques to ensure those requirements
such as magnetic resonance imaging (MRI) and computed
tomography (CT) scan based planning procedures in combi-
nation of immobilization devices [10,11]. Next to SBRT the
development of intensity modulated radiotherapy (IMRT)
enabled the radiation oncologist to modulate the intensity of
the radiation beam to spare healthy tissue. The CyberKnife
technique consists of a linear accelerator (LINAC) mounted
on a six-axis robotic manipulator that allows radiation of the
target lesion from multiple angles, track the lesion in real
time and adjust the beam accordingly. This enables single
session robotic real time tracking without the need of an
immobilization device [12].

Here, we present the long-term outcome of patients treated
in curative intent with radiation of liver lesions using the
CyberKnife system.
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Materials and Methods

Patients treated at the European Cyberknife Center
Munich between 2005 and 2015 in curative intent for liver
lesions were prospectively followed until death. All patients
were evaluated prior to radiation by a multidisciplinary
tumor board consisting of medical oncologists, hepato-bil-
iary surgeons, interventional radiologists and radiation
oncologists. All patients gave informed consent prior treat-
ment for follow-up (FU) procedure and telephone contacts.
FU was performed using MRI scanning 2 months after radi-
ation and at 3-month intervals for the first 2 years or at the
recommendation of the medical oncologist.

1. Treatment

CyberKnife treatment was performed as described before
[12]. In short, a radiosurgical device (Accuray, Sunnyvale,
CA) with real time tumor tracking was used. Prior to radia-
tion, one or two gold fiducials (CP Medical Inc., Portland,
OR) were placed inside or next to the metastases via an 18G
needle under local anesthesia and CT fluoroscopy guidance
in the interventional radiology unit. Contrast enhanced
dynamic CT (arterial and portalvenous phase) and MRI
(using liver-specific contrast agents) were used to identify
3D target volume and to exclude additional intrahepatic
tumors. Additionally, a safety margin of 6 mm was added to
the tumor diameter in all three dimensions. In a single ses-
sion treatment, a total of 24-26 Gy to the 70% isodose (dose
maximum 34-37 Gy) were administered to the target volume,
using a 6MV compact LINAC mounted on a six-axis robotic
manipulator. In treatment planning, normal tissue con-
straints suggested by AAPM Task Group 101 [13] for single-
and three-fraction SBRT were observed. During treatment,
respiratory tumor motion was actively compensated by
dynamic Synchrony tracking [14]: a correlation model
between a continuous breathing signal from optical markers
(attached to the chest) and internal fiducial positions
(derived from periodic stereoscopic X-ray images) was
established. This information was used by the robotic arm to
actively guide all beams to the current location of the lesion.
All patients were pretreated with ondansetrone on the day
of treatment to prevent nausea due to radiation.

2. Statistics

Statistical analysis was performed using IBM SPSS statis-
tics software (SPSS ver. 23, IBM Corp., Armonk, NY). Dura-
tion of local control, progression-free survival (PFS) and OS
were analyzed using Kaplan-Meier estimation and medians
were compared using log-rank test. Time intervals were
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Table 1. Patient characteristics

Characteristic

Age, median (range, yr)
Female sex
Tumor entities
Colorectal cancer
Gastrointestinal, non-CRC
Breast
Uro-genital
Bronchial
Liver
Others
Systemic pretreatment
Local pretreatment
Toolbox
Thermal ablation (RFA, MW)
SBRT
SIRT
Liver surgery
Follow-up (95% CI, mo)

Colorectal Non-colorectal
(n=71) (n=55)
65.4 (33-87) 67.1 (33-84) 63.4 (44-87)
54 (42.9) 16 (22.5) 38 (69.1)
71 (56.3) 71 (100) -
13 (10.3) - 13 (23.6)
14 (11.1) - 14 (25.5)
15 (11.9) - 15 (27.3)
5 (4.0) - 5(9.1)
1(0.8) - 1(1.8)
8 (6.3) = 8 (14.5)
03 (81.7) 62 (87.3) 41 (74.5)
95 (75.4) 53 (74.6) 42 (76.4)
33(26.2) 18 (25.4) 15 (27.3)
13 (10.3) 10 (14.1) 3(5.5)
13 (10.3) 6 (8.5) 7 (12.7)
7 (5.6) 2(2.8) 5(9.1)
85 (67.5) 46 (64.8) 39 (70.9)
30 (19.3-40.8) 34.7 (22.3-47.2) 28 (4.9-51.1)

Values are presented as number (%) unless otherwise indicated. CRC, colorectal cancer; RFA, radiofrequency ablation; MW,
microwave ablation; SBRT, stereotactic body radiation treatment; SIRT, selective internal radiation therapy; CI, confidence

interval.

measured from the day of radiation until date of progression
or death. FU period was calculated using inverse OS method.
Local progression was defined as any progression within the
treated liver volume whereas overall progression has been
defined as any progression at any site. Response as best-over-
all-response was measured for the treated lesions according
to Response Evaluation Criteria in Solid Tumors (RECIST)
ver. 1.0 criteria.

3. Ethical statement

This study was approved by the Institutional Review
Board of the Ethics Committee of the Ludwig-Maximilians-
University (LMU) Munich, Germany with a waiver of
informed consent (IRB No. 383-08) and performed in accor-
dance with the principles of the Declaration of Helsinki.

Results

A total of 134 patients with 203 liver lesions were treated
between 2005 and 2015 at the European Cyberknife Center

Munich. Of those eight patients were lost to FU. The total
number of patients analyzed in this study was 126 with a
total of 194 liver lesions that were treated in 145 treatment
sessions. Side effects were minor with two Common Termi-
nology Criteria for Adverse Events (CTCAE)'s grade 3 (gas-
tric ulcers) and two CTCAE’s grade 2 (nausea); one patient
developed a non-symptomatic icterus. The patients with
grade 3 gastric ulcer related to cyberknife treatment were
treated among the first patients. In detail they were as fol-
lows. (1) A 72-year-old woman with sarcoma: total dose to
the 70% isodose, 24 Gy; volume of the lesion, 22.3 cc and
Dmax stomach, 22.5 Gy; D 1cc, 18.5Gy. The liver lesion was
located in direct proximity to the small curvature of the stom-
ach. A radiation of parts of the stomach was not avoidable
and (2) a 67-year-old man with colorectal liver metastasis:
total dose to the 70% isodose, 24 Gy; volume of the lesion
14.3 cc and Dmax stomach, 17 Gy in close temporal relation
to 5-FU and oxaliplatin based chemotherapy. Baseline char-
acteristics are given in Table 1. In short, 81.7% of the patients
had any kind of systemic chemotherapy prior to the radia-
tion and 75.4% had any kind of local treatment to the liver,
including liver surgery prior to radiation treatment. Most of
the lesions were CRLM (56.3%) with other gastrointestinal
tumors, breast and urogenital being the second most fre-
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Table 2. Liver lesions (n=194)

Non-colorectal
lesions (n=81)

Colorectal

lesions (n=113)

Size by diameter (cm)

<3

3-5

>5
Fractions

Single session

Hypofractioned
No. of treatments
Targets per treatment

1

2

3

4
Volume, median (range, cm®)
Dosage (Gy)

20

22

23

24

25

26

42

45

56 (28.9) 29 (25.7) 27 (33.3)
115 (59.3) 66 (58.4) 49 (60.5)
23 (11.9) 18 (15.9) 5(6.2)
185 (95.4) 105 (92.9) 80 (98.8)
9 (4.6) 8(7.1) 1(1.2)

145 80 65
110 (75.9) 59 (73.8) 51 (78.5)
31(21.4) 18 (22.5) 13 (20.0)
3(2.1) 3(3.8) =
1(0.7) - 1(1.5)
21.5 (0.6-166) 25.3 (0.6-166) 18.0 (2.8-126)
4(2.1) 1(0.9) 3(3.7)
9 (4.6) 3(2.7) 6 (7.4)
4(2.1) 4(3.5) 0
75 (38.7) 43 (38.1) 32(39.5)
1(0.5) 0 1(1.2)
92 (47.4) 54 (47.8) 38 (46.9)
1(0.5) 1(0.9) 0
8 (4.1) 7(6.2) 1(1.2)

Values are presented as number (%) unless otherwise indicated.

Table 3. Response evaluation

Best response according to RECIST No. (%) (n=164)

Complete response 107 (65.2)
Partial response 22 (13.4)
Stable disease 27 (16.5)
Progressive disease 9(5.5)

Overall response rate 129 (78.7)
Local disease control rate 156 (94.1)

RECIST, Response Evaluation Criteria in Solid Tumors as
best-overall response.

quent primaries.

The majority of the 194 lesions (n=185, 95.4%) were treated
using a single session approach with 20-26 Gy as single dose.
More details are shown in Table 2.

Follow-up time was 30.0 months (95% confidence interval
[CI], 19.3 to 40.8). One hundred sixty-four lesions had a
tumor evaluation according to RECIST (Table 3). In short, the
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overall response rate was excellent reaching 78.2% with only
nine lesions (5.5%) showing progression as best response to
treatment. A total of 93 (74%) of tumors recurred with
11 (9%) within the treated area and 84 (65%) outside the
treated area.

Median OS was 35.2 months (95% CI, 22.1 to 48.3) with a
3- and 5-year survival rate of 47.7% and 32.5%, respectively.
Local median PFS time is 30.7 months (95% CI, 24.2 to 37.2)
and median overall PFS time is 11.9 months (95% CI, 7.3 to
16.4).

Survival times (OS and overall PFS) were comparable for
mCRC and non-mCRC patients reaching 32.5 months and
46.2 months in median OS and 9.1 months and 11.9 months
for overall PFS (Fig. 1A and B). Size of the treated lesion mat-
tered for OS with a significant shorter median OS for lesions
>5 cm in diameter (log-rank test p=0.032) (Fig. 1C and D).
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PFS for mCRC vs. non-mCRC liver lesions
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Fig. 1. Survival times according to the primary tumor entity (A, B) and the size of the lesion (C, D). mCRC, colorectal cancer;
non-mCRC, lesion not deriving from CRC; OS, overall survival; PFS, progression-free survival; 95% CI, 95% confidence

interval.

Discussion

The use of local treatment for liver lesion is a fast develop-
ing field. Local modalities, with the exception of surgery, are
discussed to be equal-effective in the hand of an experienced
therapist. Surgical removal of the tumorous tissue is seen as
the gold-standard and probably due to ethical considerations
no formal comparison to any local ablative treatment modal-
ity has been conducted so far. Local ablative modalities are,

when compared to surgery, usually regarded to be less inva-
sive and therefore associated with lower morbidity. The term
“toolbox” for the different local treatment modality has been
introduced [2] to imply that the possibilities are dependent
on the experience and the availability at the respective insti-
tution and have comparable outcomes in terms of efficacy.
Radiation therapy has had a limited role in the treatment
of liver metastases because of the low tolerance of liver tissue
to irradiation [15]. A safe radiation treatment of liver metas-
tases should be possible with a technique that delivers a very
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conformal radiation dose to the tumor and a minimal radia-
tion dose to surrounding critical tissues. This has been
achieved with the invention of SBRT in combination with
IMRT.

SBRT using the CyberKnife device enables precise delivery
of high-dose in a single or a few fractions, with tumor abla-
tion and maximal normal-tissue sparing. Due to the high
accuracy using robotic real time tracking techniques even a
single session radiation has become possible [12]. Due to the
difficulties to calculate the effective dose using the linear-
quadratic model [16] for radiobiological efficacy doses of
2,000-2,600 cGy were used in single session based on empiric
data and a few dose escalation trials [17-20]. Prior phase I/1I
studies by Herfarth et al. [17,18] investigated single session
radiation and have shown higher efficacy with doses from
2,200-2,600 cGy when compared to doses from 1,400-2,200
cGy without a higher incidence of adverse events. The low
adverse event rate in our analysis validates this finding. Both,
the local control rate of 95.4% and the overall response rate
of 78.2% proof the concept of ablative single session radiation
as a high efficacious low morbidity method to treat liver
lesion in curative intent.

The OS in the current study is with a median of 35 months
and a 5-year survival rate of 32.5% within the findings for
surgical resection which is reported to be between 28% and
58% for CRLM [3,21,22]. A single institution analysis showed
a 5-year survival rate of 38%-39% for previously untreated
CRLM translating into a median OS of 47-48 months [23,24].
The longer OS in the previously untreated group possibly
reflects the shorter time between diagnosis and surgery in
this favorable cohort of patients when compared to our study
of multi-modal pretreated patients. The association of the
interval of diagnosis and surgery of CRLM and OS has also
been demonstrated in a lager retrospective analysis of more
than 600 patients [25]. In the current analysis, heavily pre-
treated patient underwent SBRT which most likely repre-
sents a negative selection with regard to OS. A prospective
randomized trial of SBRT vs surgery for patients with limited
liver metastases would be highly desirable.

The overall recurrence rate of 74% is within the previously
published data for surgery [24] and demonstrates the cura-
tive effect achieved by single-session SBRT using the

CyberKnife system. As it is the case for surgically removed
metastases, most of the recurrence (88%, 82/93) happened
outside the treated volume [24]. PFS and OS are therefore
dependent for the most on recurrent disease outside the
treated region. Notably, one fourth of the treated patients did
not show recurrent disease at any site, proving the potential
curative value of SBRT.

Similar to thermal ablative techniques [26,27], which may
be the biggest competitor to SBRT as a local treatment option;
OS after CyberKnife treatment is dependent on the size of
the treated lesions. The lower OS rate of patients with lesions
> 5 cm in diameter suggests less efficacy of CyberKnife in
larger lesion when treated with single session SBRT. For
RFA, the maximal diameter of the treated lesion should not
exceed 3 cm in diameter. Therefore, there may be an advan-
tage for SBRT in lesion of 3-5 cm in diameter. This is also
reflected by the finding that most (71.1%) of the treated lesion
in our cohort were larger than 3 cm in diameter. The maxi-
mum diameter of liver lesions to be treated by SBRT seems
to be 5 cm as Goodman et al. [20] have also reported the fea-
sibility of single fraction SBRT for lesions up to 5 cm. Fur-
thermore, tissue cooling by vessel flow has been described
to reduce the extent of thermally (RFA and MW) induced
coagulation [28] and again would favor SBRT over thermal
ablative techniques.

This is the largest cohort of SBRT treated liver lesions using
the CyberKnife device with a long-term follow-up. The cur-
rent analysis validates the previously published data of an
excellent local control reached by this technique with only
minor side effects. OS and PFS are for the most associated
with distant recurrence of the underlying disease. This is in
line with surgery or other local treatment modalities empha-
sizing the importance of systemic treatment in addition to
local ablative modalities for the majority of the patients.
Robotic radiosurgery using a single session approach has a
high efficacy to control the radiated lesion with the potential
to cure patients.
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